A range of magnetic resonance imaging (MRI) measurements of water in concrete samples and their constituent materials is described and it is demonstrated that MRI can be used to (1) discriminate the spatial distribution of aggregates within a fresh sample, (2) measure changes in water content during the hardening process of cement, and (3) detect fractures and voids within a water-saturated sample. The requirements of the magnetic resonance technique that the sample be free of iron impurities necessitated an investigation of a range of materials for manufacturing suitable concrete samples. This led to a mix design which is representative of normal concretes yet MRI compatible. MRI can achieve image acquisition using a number of different protocols which are defined and optimised according to the equipment available, the properties of the sample and the particular type of image required. Suitable protocols for detecting the water in concrete are described. Magnetic resonance (MR) images of the internal structure of concrete are presented, which allow the aggregate, sand and matrix to be distinguished as well as any voids that are present. It is shown from our experiments that the measurable water present in wet concrete is in two forms, and the amount and proportions of these two components alters during hardening, which allows the progress of the associated chemical reaction to be studied. It is shown that fractures can be detected, but it is concluded that rather than attempting to determine both the structure and the fracture state from a single MRI image, it is far better to measure two separate images, one optimised to show the structure and the second for delineating the fractures.
Introduction
During the past two decades, magnetic resonance imaging (MRI) has become widely used in the medical field because it allows the visualisation of the internal structures of soft tissues in the human body by measuring their water content. 1 More recently, MRI has been applied to many other fields. 2 The present project has been undertaken to demonstrate that MRI can be used to determine the structure and fracture state of hardened and reinforced concrete. Although it is not possible to use MRI to study concrete reinforced with steel because it distorts the MRI scans, fibre-reinforced polymer (FRP) rods are MRI compatible. 3 The work reported here has been undertaken at Cambridge as a joint project between the Cambridge University Engineering Department (CUED) and the Herchel Smith Laboratory for Medicinal Chemistry (HSLMC). This is the first of a series of three papers reporting the results of that study; it relates to determination of the internal structure of concrete and measurements of the progress of hardening. The second paper 4 shows how the fracture state of plain and reinforced concrete samples can be imaged, while the third 5 reports on tests on a reinforced concrete beam loaded inside the MR magnet to follow the progress of cracking as the load increases.
their effect on the behaviour. Most experimental work on concrete is either on the micro-scale, following the growth of crystals of cement products, or on the macro-scale, where concrete is regarded as a material with strength and stiffness. Most existing techniques for determining the structure of concrete at the mesoscale are destructive since the sample has to be broken open, or drilled into, to obtain samples for analysis. This process can itself alter the structure being studied, so investigations have to be carried out numerically with only gross comparisons with experiments. Clearly, the availability of a non-invasive tool to investigate the behaviour of concrete on the meso-scale, even on laboratory-sized samples, would be a great advance. The mechanical characteristics of concrete are widely assumed to be the result of interaction between the internal components and the influence of defects such as voids and pre-existing fractures. In reinforced concrete, the local relationship between the reinforcing bar and the concrete is the most important influence on the bond strength. Porosity, permeability, durability and fracture propagation are all aspects that require study. The properties of concrete depend on the chemistry of cement; incorrect hydration or incomplete hardening of cement paste causes defects and heterogeneity in the matrix.
The spatial distribution of all these factors and, importantly, their variation with time, are both of interest. Since the time dependencies cannot be evaluated by existing destructive methods, access to a non-invasive method for observing a concrete sample in three dimensions could answer many of the existing uncertainties and would provide a technique for direct comparison with numerical analysis. A spatial resolution of about 200 ìm would allow the observation of fractures, 6, 7 although study of the pores within the matrix would require a higher resolution. 6 Ultrasonic pulse velocity and dielectric constant measurements can be used to determine the degree of hydration, but they can only give indirect indications of the chemistry in the bulk specimen. The present study was designed to evaluate the prospects for using magnetic resonance imaging (MRI) to measure some of these properties and to select the necessary MRI protocols. MRI can discriminate between different materials partly by measuring the distribution of their water content and partly by determining their MRI properties. Permeability and porosity can be determined if the changes of water content with time are measured. The observation of the internal structure is possible by making use of the high signal intensity generated by the cement paste; measurement of fractures in concrete is more difficult but possible by careful selection of the MRI parameters. The study of reinforced concrete can only be carried out if non-magnetic reinforcement is used.
It had originally been intended to design a single measurement procedure whereby it was possible to distinguish three separate components (a) solid materials (e.g. aggregates) (b) porous materials (e.g. the cement matrix) (c) voids (either as flaws in the original structure or fractures after loading).
However, as will be explained below, that intention was modified so that two separate images are obtained, each of which can show two of the required components. The images can then be superimposed to obtain the desired result.
MR principles
MR allows the direct, non-destructive observation of both static and dynamic phenomena of fluid transport in porous media. For this reason its development has led to application in many different fields. It is appropriate in this paper only to give a brief overview of MR principles; for full details of the technique the reader is directed to the specialist literature (e.g. see Reference 1 for medical applications and Reference 2 for non-medical applications). Magnetic resonance involves the simultaneous application of a static magnetic field and radio-frequency (RF) pulses; the magnetic field aligns all the hydrogen nuclei that are present in the sample and the RF pulse changes that orientation. As the hydrogen nuclei return to their original equilibrium state, they generate a signal which is detectable by a sensitive RF receiver and is proportional to the density of hydrogen nuclei and therefore, indirectly, to the local water content. The characteristics of this returned signal allow the measurement of the bulk properties of the sample. This is known as nuclear magnetic resonance (NMR). The application of a magnetic field gradient in a defined direction gives the signal spatial discrimination, which then allows the acquisition of images. This is the MRI technique. It is possible to define a twodimensional (2-D) slice and then to measure the spatial distribution within it. Alternatively, a complete threedimensional (3-D) assessment can be made. The signal is also affected by the mobility of the hydrogen nuclei; although liquid water gives an MR response, its low mobility in ice prevents any signal detection. Consequently, the observation of the different internal structures inside an object depends not only on the amount of water present but also on its mobility.
Water in porous media is generally characterised by rapid decay of the magnetisation of the water protons which makes it difficult even to observe, let alone measure, its spatial distribution by MRI. In turn, this restricts the scope of MRI to measure the mobility of the water molecules and thereby to characterise the pore structure of the matrix material. Nevertheless, the water in some porous matrices does have sufficiently long relaxation times for NMR to be able to make incisive practical studies. Consequently, there is ample precedent for the use of MR to measure water content in a range of porous media including rocks, [8] [9] [10] [11] soils 12 and construction materials including bricks, cements and concrete. [13] [14] [15] [16] These papers in the literature present various applications of MR to the study of mechanical and physical phenomena in solid materials. The measurement of water content led to the study of porosity and permeability. 13 One-and two-dimensional studies followed from this work, 14 which was of particular interest because of the well-established relationship between porosity and durability in concrete.
More recently, single-point imaging (SPI) has been used to study shrinkage and drying of concrete and mortar. 17 Freeze/thaw effects have also been studied, 18 as has ion penetration. 19 However, since the image is acquired without slice selection and by points rather than line scanning, it gives poorer spatial resolution and takes much longer to acquire an image (hours rather than minutes); 3-D images have not yet been acquired by these techniques and even 2-D images can only be obtained with difficulty.
Of particular relevance are the many studies of water and/or hydrocarbon in porous rocks, which have clearly demonstrated the unique potential of MR to provide insight into the pore structures of many rocks. Importantly too, they have also identified a variety of practical problems which limit the range of materials that can be studied by MR, and in particular those associated with even small quantities of chemical compounds, such as iron and manganese ions. 20, 21 Due to the need for the sample to be in a very homogeneous magnetic field, MRI cannot be performed if there are any magnetic elements inside the sample, which precludes the use of normal steel reinforcement and some types of aggregate. The methods used to acquire the signal, the magnitude and gradient of the magnetic field applied, and their precision, can all be optimised for different samples and the time required for image acquisition is also influenced by these factors. As a consequence, the MRI technique is very flexible but the system requires calibration for each kind of investigation and knowledge of the physical characteristics of the sample is necessary to identify the factors that can influence, block or disturb the acquisition of the signal.
The MRI signal is defined by four separate parameters: the amplitude, frequency, phase and duration of the proton resonance. Two distinct NMR relaxation processes influence the amplitude and the duration of the signal from the water. The longitudinal (spin-lattice) relaxation time (T 1 ) is defined as the time constant of the process by which the proton magnetisation returns to its thermal equilibrium after perturbation by the RF pulse. The transverse (spin-spin) relaxation time (T 2 ) is the time constant for the loss of magnetisation in the transverse plane. These time constants reflect the molecular, magnetic and physical properties of the water protons in the sample, and can therefore provide insight to its material properties.
When planning a measurement, the echo time (T E ) and repetition time (T R ) that are chosen have to be optimised to reflect the actual values of T 1 and T 2 for that particular sample. T E is the length of time for which measurement of the signal intensity is carried out, while T R is the time that must elapse before the signal from a measurement has died away so that the next measurement can start. The time needed for signal acquisition depends on these parameters.
The values of T 1 and T 2 dictate whether or not it is possible to acquire the signal from the sample. For example, when analysing a sample of pure water with a 2-T (tesla) magnet, both of these values are around 3 s and MRI scanning is technically easy. However it is known that water in porous media material (such as rock, soil and mortar) has much lower values (by a factor of about 10-100 for T 1 and 1000-100 000 for T 2 ). [10] [11] [12] Inevitably this always demands higher performance from the scanner hardware, and for many samples the values may not allow sufficient signal to be generated for MRI. Although this decrease of T 1 and T 2 was expected for the water in the pore structure of intact concrete, the water present in voids or fractures should have sufficiently long T 1 and T 2 values that the use of short T E and long T R values would allow signal acquisition.
For structurally heterogeneous materials the signal from the sample probably comes from more than one environment and it is possible to analyse the MR signal to determine the number of components it contains, their magnitudes and their time constants. [9] [10] [11] Bulk measurements on concrete have been obtained which show three separate components. 15, 16 Although this allows information to be obtained about the proportion of different components within the sample, it is difficult simultaneously to determine their spatial distribution. In the light of the above it was appropriate to use liquid-state MRI, in which the responses from water are used to show the various structures. It must be emphasised that what is being measured in this technique is the water content; solid materials appear as low-intensity shadows against a high-intensity background from the mobile water. An alternative approach, which can investigate some solids directly, needs to acquire the signal from protons which are tightly bound. This process is much more difficult and time consuming, and gives lower resolution. 22, 23 A series of experiments were made to choose the optimal sequence for subsequent image acquisition and the spin echo sequence was selected. 1, 2 This uses two RF pulses; the first alters the orientation of the spin magnetisation by 908; the second refocusing pulse rotates this magnetic vector by 1808. The RF receiver then measures the signal generated as the proton magnetisation returns to its equilibrium state. T R must be at least three times T 1 to ensure that the proton magnetisation has returned close to its equilibrium state before the next measurement begins. In the experiments de- scribed here, T E was taken as 4 . 5 ms to enable efficient detection of the water proton signal. T R ranged between 100 and 1000 ms depending on the type of observation; each measurement was taken four times and the average taken to increase the signal-to-noise (S/N) level and thereby reduce the effects of background noise.
MRI equipment
The MRI scanner is based on a modified Oxford Research Systems Biospec 1 spectrometer console and a 310-mm-bore 2-T superconducting solenoid magnet (Oxford Instruments). The coils used to produce the gradient fields have a 108-mm bore and give field gradients of 1 . 14 Gauss/mm. The RF probe, manufactured in HSLMC, provides a cylindrical space 54 mm in diameter and 163 mm long; the field-of-view is located in the central 100 mm.
MRI spatial resolution
The MRI scanner provides spatial resolution by means of three sets of gradient coils, each of which produces a linear variation of magnetic field that induces a spatial distribution of the water proton resonance frequency in one of three orthogonal directions. The field of view was restricted to be 40 3 40 mm. Since the digital matrix was 256 3 256 pixels, the pixel resolution was 156 ìm in both directions across a slice. The thickness of the slice can also be selected and it was decided to acquire 32 slices over a 40 mm length giving a slice thickness of 1250 ìm. Taken together this corresponds to a 3-D sample resolution of 156 3 156 3 1250 ìm. Although it is possible to reduce these dimensions to increase the resolution, this reduces the amount of material producing the signal in each voxel and hence the signal-to-noise (S/N) ratio; either the time needed to image the sample has to be increased or the size of the sample reduced. The overall quality of an MRI image depends on the size of each pixel in the image plane, plus the intrinsic S/N ratio. Clearly, the smaller the pixel dimensions, the higher the spatial resolution; however, given that the S/N ratio depends on the volume defined by each pixel, the lower the S/N ratio and hence the lower the quality of the image.
A numerical procedure needs to be undertaken to determine the amount of signal that comes from each voxel. To do this, the gradient coils are used independently to adjust the signal strength in each of the three directions; in this study 256 3 256 3 32 sets of readings are taken. Fast Fourier transforms are performed to determine the spatial distribution of the signal.
Material investigation
Tests were carried out on small samples of various possible materials to determine which were the most suitable components for the final concrete mix. Each was placed in a cylindrical plastic beaker (30 mm diameter by 45 mm long) filled with water. The direct observation of each material separately gave the opportunity of discriminating between their magnetic responses and also of testing the ability to acquire a signal. Two-dimensional slice MRI scans were then taken through each beaker in turn to evaluate the effect of each material on what should be a circular imagelack of circularity indicates the presence of magnetic components within the sample which distort the image.
Aggregate Figure 1 shows images of two materials that result in distorted images. The one on the left is a sample of crushed granite which shows a strong diffuse distortion, whereas the one on the right is a sample of river gravel which shows localised distortion on the right-hand side. The magnetic components in the granite are scattered throughout the sample, whereas in the river gravel it is likely that only a few of the pieces are magnetic, while others are non-magnetic.
In contrast, Fig. 2 shows materials which are suitable for MRI. The one on the left is from a sample of limestone aggregates, where the circularity of the beaker is clearly visible and the individual pieces of stone can be identified. The image on the right shows quartz pieces which are also clearly visible. However, because the crushed pieces had a columnar structure, they were deemed not suitable for making representative concrete. Broken glass showed similar clarity. Figure 3 shows images from samples of silica sand, as used in the Cambridge University Engineering Department laboratory, and circular nylon balls. Both gave clear undistorted images although in the sand sample, where the amount of free water is small, the S/N ratio is quite poor. The zone outside the circular beaker was air, so the signals from that area are RF noise.
Matrix
The matrix was also studied. Various types of cement were studied by casting samples (without sand or aggregate) inside a beaker. Four rods of different sizes were cast into the cement, but removed as soon as the sample had set, to leave holes which subsequently could be filled with water to provide contrast.
A small amount of iron is a desirable component of cement; if insufficient iron is present in the calcareous or silicaceous components of the cement, iron oxide is deliberately added during manufacture. Ordinary Portland cement (OPC) is known to contain some paramagnetic materials (principally Fe 2 O 3 ) that make up about 2-5% of the material. 24 Fig. 4(a) shows minor loss of circularity in the image of the water in the holes. White Portland cement (WPC) is manufactured for use where the colour of the concrete is important, using carefully selected clay and limestone to eliminate discolouring impurities, principally iron. No extra iron is added during manufacture. Fig. 4(b) , shows that the image of a WPC sample has very little distortion from the original dimensions. However, the content of the circular beaker is not visible in either of these images which means that although both samples were saturated, the matrix has effectively suppressed the entire MRI response from the water. In contrast, the water in plaster of Paris (gypsum), which is more porous and which should not contain any paramagnetic centres, can be detected after hardening, as is shown in Fig 4(c) , where the circular holes show up as white, the plaster as grey, and the air outside the beaker as black. The white line across Fig. 4 and some of the other images is an artefact of the test set-up used.
Concrete Figure 5 shows three samples of hardened concrete. It follows from the above that a combination of aggregates and cement (OPC or WPC) should suppress the observation of the internal structure of a hardened concrete sample and the sample on the left, with WPC and limestone, shows virtually no internal structure. However, the images in the centre and on the right both show the structure clearly. They were both made by mixing cement and plaster in different proportions, with that on the right from a sample with a 50/50 plaster/WPC mix. This suggested the possible use of such mixtures as the basis for the remainder of this study. However, the presence of plaster significantly alters the failure mechanism of the resultant concrete, which has a much more plastic behaviour and a very different fracture mechanism. Compression tests on different plaster/cement mixes showed that only samples with a very small amount of plaster gave a fracture behaviour that was representative of normal concrete; unfortunately none of these showed detailed internal structure in their MRI scans. Studies of samples made from 50% plaster and 50% WPC provided useful insight into the effect of fractures on the MRI images. Fig. 6(a) shows the hardened but uncracked sample in which the aggregate, matrix and air outside the beaker are clearly distinguishable. The same sample was then loaded in compression to produce fractures which filled with air as shown in Fig.  6(b) . The fractures are just visible as dark lines against the background, but are not easy to detect. The sample was then placed in a vacuum to remove the air, and allowed to fill with water, which penetrated at least the large cracks which were connected to the outside of the sample, but may not have penetrated into isolated internal flaws. Fig. 6(c) shows this image, where the fractures are clearly visible as white lines. No attempt was made to align the three images shown in Fig. 6 , so although they relate to the same sample they do not show the same slice and the fractures and structure differ in the three images.
These three images demonstrate the problems associated with trying to obtain information about structure and fracture from the same image. Even with a porous matrix material, like the 50/50 plaster/WPC mix, the matrix does not appear uniformly grey. The fractures, which are of similar or smaller dimensions to the pixel resolution, do not appear to be completely black (if filled with air in Fig. 6(b) ) or completely white (if filled with water in Fig. 6(c) ). It is thus very difficult to determine, by looking at a grey pixel, how much of the 'greyness' comes from the matrix, and how much from the crack. Although, at first sight, Fig 6(c) appears to contain all the information that is being sought, it is impossible to extract information from it in a more useful way.
As a result of this observation, it was decided not to pursue the original idea of obtaining aggregate, matrix and fracture distributions from a single image, nor to pursue the use of plaster as a cementing material. Instead, it was decided to use WPC as the cement; the solid hardened sample would scan as a purely black image and any whiteness in the image of a watersaturated sample would have to be due to the presence of fractures or pre-existing voids in the structure. Important information about the fracture pattern can be determined, and this process will be discussed in a later paper. 4 An image of the structure can be obtained soon after casting as there is a significant amount of free water in the sample. A corollary of that decision is that some form of image registration would be required so that a sample could be scanned on two (or more) separate occasions and the resulting images aligned so that the relationship between structure and fracture could be determined.
Hardening of cement paste
Once it had been decided to obtain the structure image soon after casting, it was sensible to investigate the hardening process to determine the timescale over which the structure could be determined. The MR signal from the protons of water depends on the overall mobility of the water molecules, which is a function of their interaction with different chemical compounds in the surrounding matrix. The hardening process transforms the water and cement powder into a solid material and this gradually decreases the MRI signal of the sample to zero. Hydrogen nuclei present in hydrates and hydroxides are physically much more tightly bound than those in free water and hence, during curing of concrete, their T 1 and T 2 values decrease significantly. As a result, the efficiency with which the original water content is detected by MRI progressively decreases as the concrete cures, and is eventually undetectable. Con-sequently, the hardening process can be followed by measuring the progressive loss of MRI intensity.
The presence of free water immediately after casting allows the generation of a strong MRI signal from the fresh cement paste which can be used to determine the heterogeneity of the cement paste by identifying local differences in water content or unhydrated regions. It also allows the aggregate to be distinguished from the matrix. Fig. 7 shows two scans of the same WPC/limestone/sand concrete sample. The first was taken one hour after casting and the aggregate and sand samples can clearly be seen. The white square on the left-hand side is a piece of potato that was placed on the side of the plastic beaker in which the sample was cast. The potato is stiff enough to retain its shape when the concrete was cast but, as it is virtually full of water, shows up very clearly in the image. The second image of the same slice, taken 7 h later, shows the details of the matrix less clearly as the cement paste has hardened, although the strongly hydrophilic cement has sucked water from the potato, distorting it. The square void formed by the potato is still clearly visible; as is demonstrated in the second paper, 4 this void could be filled with water for added clarity. It is also possible to measure the T 1 and T 2 values of the protons of the water in the bulk sample at different times during the hardening process. If the sample contains water with different mobilities, the measured signal from their protons can contain multiple components, and it is possible to recover the T 1 and T 2 values from each component separately. 11 These effects are illustrated by a series of measurements that were carried out on a sample made from limestone aggregate and WPC cement over the four weeks following casting. The sample was cured under water and its surface was dried before each measurement to eliminate the MR signal from free water on the surface of the sample, which would swamp that from the water in the concrete itself. It was observed that the matrix gave a signal from two separate components with T E of 0 . 8 ms in a 2-T magnet. Straight after casting, 98% of the signal came from the first component. The variation with time of the signal intensity reconstructed using T 2 values from these two components is shown in Fig. 8 for a period of 28 days (672 h). This time was chosen because modern cements are designed so that their hardening reactions are then virtually complete. The water in concrete can be in three forms 15 (a) free water in the pores between the cement grains (b) water which is chemically unchanged but is physically bound to the surface of the cement or aggregate (c) water in the form of hydrates and hydroxides in the products of the chemical reaction.
The last component is expected to give a very weak signal since the hydrogen atoms (i.e. protons) are very tightly constrained and hence their MR signal will decay so rapidly that it cannot be detected. Hence it is believed that the first MR signal component represents the free water, while the second component represents the bound water. No significant changes of signal were measured during the first 4 h, and even at 10 h the contrast is still sufficiently clear to distinguish the aggregate from the background. This implies that the rapid setting reaction of the cement paste, which takes place in the first 2 or 3 h, does not significantly alter the MRI signal, in contrast to the subsequent hardening reaction. Hence during the first 10 h it would be possible to distinguish the aggregate from the matrix, even in concrete made from WPC.
Although the two components are clearly different at the beginning of curing it becomes more difficult to distinguish them as time goes on. This phenomenon is linked to the reduction in mobility of water as hardening takes place. Between 8 and 50 h after casting there is a large reduction in the first T 2 component and the signal continues to decrease as the hardening reaction moves to completion while the free water reacts with the cement. Once hardening has been completed the MRI signal intensity is so low that it is very difficult to determine internal structure within the hardened concrete.
Study of fracture
The second paper in this series extends this use of MRI to the visualisation of fractures within concrete samples, and demonstrates that it is possible to combine images of fractures with those of structure to study the relationship between fractures and the internal structure of concrete.
Conclusion
It has been shown that MRI techniques can be used to investigate the behaviour of concrete on the mesoscale. MRI imaging detects the presence of water and is most sensitive to free water that is not bound either physically or chemically. It has been necessary to use materials in the concrete that do not interfere with the magnetic fields used in the scanner; granite and some river gravels are shown to be unsuitable, but white limestone and quartz are suitable, as are silica sands.
Liquid-state MRI, using a spin echo protocol with an echo time of 4 . 5 ms, and a repetition time of 100 ms has been found to be suitable. For a 2-D slice 1 . 25 mm thick, a spatial resolution of 156 3 156 ìm has been obtained, using a 256 3 256 digital matrix. Four measurements have to be taken of each signal and averaged and the total scan time is 1 . 7 min. Alternatively, a 3-D image set 156 3 156 3 1250 ìm requires 55 min of scanning time.
Although OPC contains only a small amount of iron, it is unsuitable as a cementing material for MRI studies, whereas WPC has been shown to give clear images. It is possible to see the structure of concrete for a few hours after casting, but as the water becomes bound to the cement surface or reacted to form hydroxides, it becomes almost invisible. Plaster of Paris has also been shown to give clear images and as it is slightly porous it allows the structure to be observed even after hardening. This visibility persists when a small proportion of plaster is mixed with WPC, but the plaster significantly alters the fracture process in the resultant concrete which is not representative of structural concrete.
It has been shown that it is possible to measure the response from two separate components during the hardening process. The proportions of these components change with time, which allows the progress of the reaction to be observed, and would allow the effects of differential hardening across a sample to be studied.
Finally, it has been concluded that it is not feasible to obtain a single image that distinguishes aggregate, matrix and fractures. This is partly because the MRI visibility of the structure decreases as hardening takes place, and partly because when both matrix and fractures are present in the same image it is difficult to distinguish between them, as they both show up as different levels of grey. Thus it is preferable to take one image which clearly shows the structure, and subsequently a second image to show the fractures in high contrast from the solid components. This is the key strategic innovation of this study since it enables MRI to be used to study both the internal geometry of a concrete sample to locate internal defects and also to measure fractures subsequently induced. MRI can also be used to study the hardening of concrete samples and by observing the water content, allows the study of the chemistry of cement and concrete. Hence it is now clear that MRI is a powerful, non-invasive tool for the study of the meso-structure of concrete.
